Paramount to the efficacy of immune checkpoint inhibitors is proper selection of patients with adequate tumor immunogenicity and a robust but suppressed immune infiltrate. In colon cancer, immune-based therapies are approved for patients with DNA mismatch repair (MMR) deficiencies, in whom accumulation of genetic mutations results in increased neoantigen expression, triggering an immune response that is suppressed by the PD-L1/PD-1 pathway. Here, we report that characterization of the microenvironment of MMRdeficient metastatic colorectal cancer using multiplex fluorescent immunohistochemistry (mfIHC) identified increased infiltration of cytotoxic T lymphocytes (CTLs), which were more often engaged with epithelial cells (ECs) and improved overall survival. A subset of patients with intact MMR but a similar immune microenvironment to MMR-deficient patients was identified and found to universally express high levels of PD-L1, suggesting that they may represent a currently untreated, checkpoint inhibitor-responsive population. Further, PD-L1 expression on antigen-presenting cells (APCs) in the tumor microenvironment (TME) resulted in impaired CTL/EC engagement and enhanced infiltration and engagement of Tregs. Characterization of the TME by mfIHC highlights the interconnection between immunity and immunosuppression in metastatic colon cancer and may better stratify patients for receipt of immunotherapies.
Introduction
A complex interplay exists between immune cells and tumor cells in the microenvironment of metastatic colon cancer (MCC) (1) (2) (3) . As with many tumor histologies, the MCC immune infiltrate is composed of both proinflammatory (CD8 + cytotoxic T lymphocytes [CTLs] , helper T cells, natural killer cells) and immunosuppressive (myeloid-derived suppressor cells, Tregs, tumor-associated macrophages) cells, the proportion of which influences the overall immune state of the tumor. Those that have a greater quantity of cytotoxic inflammatory cells tend to have more favorable outcomes, while those dominated by suppressive cells tend to succumb earlier to disease recurrence (4) (5) (6) . While this applies to most tumor types, instances of improved survival, despite increased presence of suppressive cells, have been reported, demonstrating that the context in which these cells exist may play an important role in their effect on outcomes (7) (8) (9) .
Components of both the innate and adaptive immune system influence cancer growth and progression and have demonstrable effects on disease manifestation, progression, and patient survival (2, 10) . Inversely, characteristics of the tumor cells themselves play a significant role in shaping the phenotype and behavior of infiltrating immune cells. For example, increased mutational load caused by defects in mismatch repair (MMR) machinery creates neoantigens promoting an adaptive immune response (11, 12) . The heightened presence of CTLs triggers a compensatory upregulation of suppressive immune elements aimed at balancing the inflammatory state (12) . This renders MMR-deficient tumors susceptible to immunotherapies targeting suppressive immune checkpoints, notably, programmed death receptor (PD-1) and its ligand (PD-L1) (13, 14) . Although trials demonstrated remarkable efficacy in MMR-deficient tumors, not all patients responded Paramount to the efficacy of immune checkpoint inhibitors is proper selection of patients with adequate tumor immunogenicity and a robust but suppressed immune infiltrate. In colon cancer, immune-based therapies are approved for patients with DNA mismatch repair (MMR) deficiencies, in whom accumulation of genetic mutations results in increased neoantigen expression, triggering an immune response that is suppressed by the PD-L1/PD-1 pathway. Here, we report that characterization of the microenvironment of MMR-deficient metastatic colorectal cancer using multiplex fluorescent immunohistochemistry (mfIHC) identified increased infiltration of cytotoxic T lymphocytes (CTLs), which were more often engaged with epithelial cells (ECs) and improved overall survival. A subset of patients with intact MMR but a similar immune microenvironment to MMR-deficient patients was identified and found to universally express high levels of PD-L1, suggesting that they may represent a currently untreated, checkpoint inhibitorresponsive population. Further, PD-L1 expression on antigen-presenting cells (APCs) in the tumor microenvironment (TME) resulted in impaired CTL/EC engagement and enhanced infiltration and engagement of Tregs. Characterization of the TME by mfIHC highlights the interconnection between immunity and immunosuppression in metastatic colon cancer and may better stratify patients for receipt of immunotherapies.
to checkpoint inhibition, while, paradoxically, some MMR-proficient tumors were effectively controlled, highlighting a need to better understand other aspects of the immune microenvironment (13) .
While tumor epithelial cells (ECs) are the classic bearers of checkpoints, recent data suggest that tumor-resident antigen-presenting cells (APCs) upregulate surface expression of PD-L1 and may represent a more important source of immune suppression in the tumor microenvironment (TME) (15) (16) (17) . PD-L1 + APCs in the human TME may directly mediate T cell suppression (17) ; however, murine data suggest a role in induction and development of Tregs, suggesting that immunosuppressive cells may synergize to impair CTL function and shape the tumor immune infiltrate (18) . Improved understanding of the complex interactions between immune and tumor cells in the MCC microenvironment could identify patients suitable for treatment with available immunotherapies and foster the development of novel immune-based approaches.
The vast majority of data characterizing the immune microenvironment of MCC and other human tumors rely on standard immunohistochemistry (IHC) or flow cytometry of resected surgical specimens. The former has significant limitations due to relatively low sensitivity for poorly antigenic or expressed targets, difficulty in colocalizing stains, and the subjective nature of interpretation (19, 20) . Flow cytometry allows for phenotyping using multiple colocalized markers, but the need to compensate for overlapping emission spectra can alter results and limit reproducibility. Immune cells must also be extracted from tissues and analyzed as single cells posing two substantial problems: (a) cells may be retained in stromal elements during processing and excluded from analysis and (b) lack of information regarding spatial relationships with tumor and neighboring immune cells disregards the context in which they exist and function, ignoring valuable spatial data.
We set out to explore the immune microenvironment of colorectal cancer liver metastases (CRLMs) in MMR-deficient and -proficient tumors using a novel tyramide signal amplification (TSA) multiplex immunophenotyping technique capable of staining 7 markers in formalin-fixed, paraffin-embedded tissue (20, 21) . Use of TSA and the ability to colocalize stains allowed for phenotyping of 7 cell types (PD-L1 Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/ jci.insight.121932DS1). A spectral signature was determined for each fluorophore by single-antigen staining and captured using a multispectral fluorescent microscope, which records an image every 10 nm through the full-emission spectrum. This allowed for simultaneous capture of 7 different fluorophores into one composite image ( Figure 1A ), which could then be unmixed and separated into 6 unique images representing each fluorophore ( Figure 1 , B-F) and the nuclear stain DAPI ( Figure 1G ). An image of an unstained slide was obtained to measure and subsequently subtract autofluorescence from the composite image ( Figure 1H ). Using inForm (PerkinElmer) software, tissue segmentation training was performed to separate stromal and epithelial tumor elements ( Figure 2, A and B) . Cell segmentation using the DAPI nuclear stain allowed for accurate discrimination between each cell's nucleus, cytoplasm, and membrane and ensured only live cells and not debris were measured ( Figure 2C ). The fluorescent intensity was recorded for each cell compartment (nucleus, cytoplasm, and membrane) to allow further cell phenotyping using R (Figure 2, D and E) .
Results

High infiltration of CTLs results in improved survival
The immune microenvironment of CRLM from 177 patients was studied using mfIHC. Immune cells tended to reside in the stromal component of tissues, although intercalation of T cells among tumor cells was occasionally present (Supplemental Figure 1) . There was modest variability in degree of immune infiltration among patients, with some samples consisting of scarce immune cellular infiltrate (Supplemental Figure  1, A and B) , while in other patient samples the immune infiltrate represented a majority of the population (Supplemental Figure 1, C and D) . In those with high immune infiltration, the overall proportion of the cellular phenotypes was substantially varied, as was EC and APC PD-L1 expression (Supplemental Figure  1 , E-P). To ensure an accurate sampling of tumors, 3 cores were included for each patient after pathologic review confirmed the presence of viable tumor and lack of necrosis. Because intratumoral variability existed among patients, with some cores appearing nearly identical and others vastly different (Supplemental Figure  2 and Supplemental Table 2 ), an average of values was calculated for each patient using available cores.
After cell segmentation of the nucleus, cytoplasm, and membrane and scoring of the fluorescent intensity of each compartment, cells were phenotyped and counted using previously mentioned markers (Supplemental Table 1 ). APCs represented the most abundant immune cell type followed by helper T cells (Table 1) . Tregs were infrequently seen and were outnumbered by CTLs at a ratio of 10 to 1. Using annotated patient data, the effect of immune infiltration on overall survival was calculated. Clinical characteristics are presented in Table 2 . The median follow-up was 31 months (range 0.7-159 months). T cells represented a mean 4.8% of the total cells of CRLM samples but had no statistically significant effect on outcome, with median survivals of 50 and 39 months for high and low T cell infiltrates, respectively (P = 0.0992) ( Figure  2F ). CTLs constituted a mean 0.9% of all cells within patient samples and ranged from 0% to 15%. Those with high total CTLs (upper quartile; >2.2% of total cells) had longer median survival, 47.5 months compared with 38.9 months in the remainder (P = 0.0150) ( Figure 2G ). Of the total T cells present, a mean of 11.6% (CI 9.5%-13.8%) were CTLs, and a high proportion of CTLs relative to total T cells was also associated in improved survival ( Figure 2H ). Interestingly, while Treg infiltration had no effect on survival (Figure 2I ), when measured relative to CTLs, a high Treg/CTL ratio was associated with a reduced duration of survival (median, 43.0 months vs. 35.1 months; P = 0.0353) ( Figure 2J ). Increased APC infiltration relative to total cells resulted in a median survival of 50 months compared with 37.3 months in the low-infiltrating group (P = 0.0727) ( Figure 2K ). There were no survival differences in those with elevated helper T cells or with greater infiltration of all assayed immune cells combined (data not shown). We observed a positive correlation between abundance of total T cells and CTLs with APCs ( Figure 2 , L and M), suggesting either a common chemoattractant or influence of one on the accumulation of the other in the microenvironment. There was no statistical relationship between APC and Treg infiltration, confirming these findings were not related to nonspecific increased immune cell accumulation (Supplemental Figure 2C) .
PD-L1 expression increases the distance between CTLs and ECs in the CRLM TME. Utilization of flow cytometry to characterize the immune cellular infiltrate allows for accurate phenotyping of cells but fails to capture spatial relationships that may better reflect immune cell function and interaction. To better examine this, after cell phenotyping, individual cells were assigned an identification number with x and y coordinates that could be used to determine their relationship to every other cell in the core. This allowed for calculation of intercellular distances and determination of whether certain populations of cells were residing closer or farther away from one another ( Figure 3 , A and B). Using R software, the distance between CTLs, ECs, and other immune cells was calculated for each set of cores and the mean separation was determined ( Figure 3 , C-F). CTLs tended to reside in close proximity to helper T cells and APCs but tended to be further away from Tregs (Supplemental Table 3 
Engagement of CTLs with ECs and helper T cells is associated with improved survival.
In order to affect their function and transmit excitatory or inhibitory signals, immune cells must be in close proximity or physically touch one another (22) . Phenotyping of cells in situ allows determination of cells whose positions are close enough to be considered "engaged" in immune activity ( Figure 4 , A and B). To characterize cellular engagement within CRLM, after image capture and phenotyping, a circular area with a radius of 15 μm was selected around each T cell and a radius of 40 μm around APCs and ECs, and the presence of other immune cells or ECs was recorded ( Figure 4C ). The median frequency of cells within this engagement zone was calculated (Supplemental Figure 3, A-D) , as was the percentage of engaged cells relative to total cells present in the core. Consistent with data on intercellular distances, half of the CTLs were engaged with PD-L1 -ECs while only 6.6% were in close proximity to PD-L1 + cells (Table 3) . A similar trend was seen with APCs, where CTLs were engaged with 43.7% and 15.3% of PD-L1 -and PD-L1 + APCs, respectively. CTLs were rarely associated with Tregs, while they most commonly engaged with helper T cells (57.7%). To ensure CTL/EC engagement and intercellular distances were not simply a marker of increased infiltration, samples were divided into quartiles of CTL infiltration. Paradoxically, those with the highest CTL infiltration had a trend toward greater intercellular distance and significantly less engagement (Supplemental Figure 3 , E and F). To determine the effect of immune cell engagement on survival, frequency and total engagement of immune cells with other immune cells and ECs was calculated. There was no demonstrable effect of CTL/Treg engagement on survival ( Figure 4D) . A higher percentage of ECs actively engaged with CTLs correlated with a significant prolongation of survival following resection of CRLM (52.3 vs. 42.5 months; P = 0.0185) ( Figure 4E ). Along with ECs, engagement of CTLs with helper T cells was associated with improved overall survival, as high CTL/T helper cell engagement (upper quartile) resulted in a median survival of 77.9 months compared with 39.0 months in the remainder (P = 0.0213) ( Figure  4F ). To determine if the distance from CTLs to T helper cells was protective, we compared patients who succumbed early of disease after surgical resection (<2 years) to long-term survivors (>5 years) and found significantly closer mean distances in the latter ( Figure 4G) . A similar trend was identified when measuring Mean concentrations of immune cells present in the TME were calculated relative to all cells in the sample (mean, 95% CI).
APC/CTL engagement, where higher frequencies in the TME resulted in significantly improved median survival (47.5 months vs. 39.3 months; P = 0.0434) ( Figure 4H ). To study the source of this improved outcome, we examined cell distance and engagement of CTLs and ECs in those with high and low CTL/T helper cell and APC engagement and found significantly greater EC/CTL engagement in both ( Figure 4 , I and J). Multivariate survival analysis confirmed that CTL/EC engagement was an independent predictor of survival with a risk ratio of 0.44 (P = 0.0063) ( Table 4) . To determine if CTL/EC engagement was associated with increased biologic activity, tissue was stained for lysosomal-associated membrane protein 1 (LAMP1), a marker of T cell activation. Data revealed a significantly higher percentage of activated T cells when engaged with ECs when compared with those that were not engaged ( Figure 4K ).
PD-L1
+ APCs shift the immune microenvironment to a more suppressive state. It has been suggested that the presence of immune checkpoints on APCs in the TME greatly impairs tumor immunity (15, 16, 23) . To investigate their role in shaping the immune infiltrate of CRLM, APCs were stained for the presence of surface PD-L1 ( Figure 5, A and B) . Forty-three percent of patients had PD-L1 + APCs present, and the population ranged from 1% to 89% of all APCs present in the core. There was a strong correlation between the presence of PD-L1 on APCs and ECs within samples ( Figure 5C ). Interestingly, while there was only 1 patient who had PD-L1 + ECs in the absence of PD-L1 expression on APCs, there were 48 patients (27% Demographic, surgical, and pathologic data from 177 patients undergoing curative intent liver surgery for metastatic colorectal cancer.
of total) in whom PD-L1 was only found on infiltrating APCs. There was also a strong association between the degree of PD-L1 + APC infiltration and CTLs ( Figure 5D ), suggesting a possible role for these cells in controlling CTL activation (12) . To better study this immunosuppressive function, patient samples were separated into those with and without infiltrating PD-L1 + APCs and subjected to phenotypic and spatial characterization. Examination revealed that, when PD-L1 + APCs were present, CTLs were located closer to Tregs, which were more abundant and more likely to be engaged (Figure 5 , E-G). This phenomenon appeared to be APC specific, as tumors with high ratio of PD-L1 + ECs did not show a difference in Treg/CTL engagement (data not shown). Contrary to CTLs, there was no effect of PD-L1 + APC infiltration on Treg/helper T cell engagement ( Figure 5H ) or distance to nearest neighbor. Pronounced differences were present in PD-L1 + APC-infiltrating tumors with respect to CTL function, as engagement with ECs was significantly decreased and distance from CTLs to ECs increased ( Figure 5, I-K) . This appeared to be specific to PD-L1 -ECs, as those expressing PD-L1 saw no change in CTL engagement and actually maintained a significantly closer cell-to-cell distance ( Figure 5L ). Contrary to this, CTLs were far less engaged with PD-L1 -ECs and were a located a greater distance away in PD-L1 + APC-infiltrating tumors ( Figure 5, M and N) . Determining the effect of PD-L1 + APCs on survival is difficult because of the strong association with the protective infiltrating CTLs. When considering only patients without association of these variables, we discovered a correlation with significantly shorter survival time in those whose tumors had low levels of infiltrating CTLs and a high proportion of PD-L1 + APCs (median 28 vs. 78 months; P = 0.0287) ( Figure 5O ). To validate these findings, an independent cohort was constructed consisting of 25 patients with colorectal metastases to liver as well as bone and lung. Tissues were subjected to mfIHC as above (Supplemental Figure 4, A and  B) , and phenotypic and spatial data were gathered for infiltrating immune cells. In patients with PD-L1 + APCs, analysis revealed a trend toward increased Treg infiltration (Supplemental Figure 4C) , which tended to be closer (Supplemental Figure 4D ) and more engaged with CTLs (Supplemental Figure 4E ). As with our original patients set, the presence of PD-L1 + APCs was associated with a decrease in CTL/EC engagement (Supplemental Figure 4F) , which was particularly pronounced for PD-L1 -ECs (Supplemental Figure 4G ).
Microsatellite instability enhances CTL infiltration, resulting in increased CTL/EC engagement and survival.
Microsatellite instability (MSI) results from deficiency in DNA MMR proteins, leading to accumulation of mutations and subsequent immunogenic neoantigens (24) . To determine the effect on the immune microenvironment in CRLM, a subset of 77 patients was subjected to IHC for the MMR proteins MLH1, MSH2, MSH6, and PMS2 ( Figure 6A ). Deficiency of one or more proteins was encountered in 13 (16.8%) patients, and these were deemed MSI. There were no differences between the groups with regards to mean tumor size, tumor number, or disease-free interval (Supplemental Table 4 ). While a trend toward increased T cell infiltration existed in MSI patients, CTLs were significantly more abundant at 2.15% of total cells compared with 0.69% in microsatellite stable (MSS) patients (P = 0.0317) ( Figure 6 , B-D). Helper T cells tended to be less abundant by contrast (Supplemental Figure 5A) . A greater infiltration of PD-L1 + APCs was also observed in MSI-high patients ( Figure  6E ), who also had more PD-L1 + ECs (Supplemental Figure 5B) . Paralleling the increase in CTLs was a greater frequency and absolute number of CTLs actively engaged with ECs (24.4% and 15.9% in MSI and MSS patients, respectively; P = 0.0312) ( Figure 6F and Supplemental Figure 5C ) in the TME, which may play a role in the improved overall survival experienced by the MSI patients in this subset (median survival, 116.7 months vs. 45.5 months; Figure 6G ). Of note, total immune cell infiltration (all T cells plus APCs) did not differ between the 2 patient populations (Supplemental Figure 5D) . A subset of 12.5% of MSS patients was identified, with similar spatial relationships of immune cells defined by heightened presence and engagement of CTLs and ECs. Of these patients, 100% expressed high levels of PD-L1 in their tumors compared with 25% in the remaining MSS patients ( Figure 6H ).
Discussion
Understanding not just the presence but interactions of immune cells in the TME is crucial to identifying important prognostic factors and selecting patients for current and future immunotherapeutic intervention. Prior studies in MCC have demonstrated an important role for immune cell infiltration in predicting pathologic features and clinical outcome (25) (26) (27) (28) . It is well accepted that infiltration of CTLs is associated with active tumor immunity (29) and portends a more favorable prognosis (reviewed in ref. 5). Helper T cells are also felt to favor local immune activation, and elevated levels in the TME are associated with improved disease-specific outcomes (30, 31) . Considerable controversy exists regarding the role of APCs and Tregs in overall survival, with some studies citing protective effects while others report hem to be deleterious (4, 32, 33) . Previously, the study of the immune microenvironment has relied on chromogenic IHC and occasionally flow cytometry. The former suffers from limitations in phenotyping due to constraints of multicolor staining, variability in interpretation, and difficulty in visualizing minimally expressed antigens. Flow cytometry allows for more accurate phenotyping but necessitates single-cell suspension, limiting the ability to truly understand their context and engagement in the TME. Multiplex fluorescent IHC (mfIHC) applies the multiantigen recognition and reproducibility of flow cytometry with retention of spatial elements available from routine IHC (20) . This allows one to distinguish passively present immune cells, such as those residing in intratumoral lymph nodes from actively engaged cells in close proximity to targets or APCs. Prior studies in head and neck cancer have demonstrated this technique to be far superior and have changed long-held beliefs about the role of suppressive cells in this disease (9) .
In the present study, mfIHC was used to characterize the immune microenvironment of CRLM from 177 patients who underwent curative intent metastasectomy. Utilization of 7 colors allowed accurate phenotyping of T cells, ECs, and APCs as well as their surface expression of the immune checkpoint PD-L1. A wide range of immune infiltration and cell phenotypes exists among the patients examined, with some TMEs dominated by lymphocytes while others were composed primarily of APCs. Unlike other tumor types, there was a relative paucity of Tregs, and they had little effect alone on overall survival, contrary to prior reports (7, 9) . The principle benefit of phenotyping cells in situ was the ability to record distances between cells and determine if they were close enough to be potentially engaged with one another, leading to active communicating or destruction (21) . To confirm that close proximity reflected functionality, T cells were costained for the degranulation marker LAMP1 (CD107a), previously described as a marker of CTL activity (34) . A significantly higher proportion of LAMP1 + T cells was engaged with ECs, validating our assumptions. Also consistent with our hypothesis was the finding that CTLs tended to be closer to PD-L1 -ECs when compared with PD-L1 + ones, suggesting that the checkpoint was inhibiting proper cell recognition, homing, and/or proliferation (35) .
Using annotated patient data, we were able to determine the effect of immune cell engagement on survival and pathologic characteristics of the metastases. mfIHC demonstrated that increased engagement of ECs with CTLs resulted in improved overall survival, highlighting the importance of actively involved CTLs in disease control and outcomes. While localization of CTLs with Tregs had no appreciable effect on survival, engagement of CTLs with helper T cells and APCs correlated with a more favorable prognosis. One potential mechanism for this is the observed dramatic increase in EC/CTL engagement in the setting of elevated APC/CTL engagement, suggesting the latter may be priming CTLs for cytotoxic destruction. To ensure that these findings were not simply a function of increased overall immune cell infiltrate, a similar analysis was done in immune cell-rich and -poor samples with similar results (data not shown).
While PD-L1 expression on ECs is classically thought to suppress CTL function in the TME, emerging data suggest an equally important role for tissue-resident PD-L1 + APCs (9, 12, 15) . Because mfIHC allows for accurate colocalization of antigens while maintaining tissue architecture, it represents an ideal method for investigating the consequences of these cells on the immune infiltrate. To determine the role of checkpoints in shaping the immune microenvironment of CRLM, both APCs and ECs were stained for PD-L1. While there was a close association between abundance of PD-L1 + ECs and PD-L1 + APCs in tumors, there were a subset of patients who had high levels of checkpoint-bearing APCs in the absence of EC expression, highlighting the need to consider these when categorizing checkpoint status. Consistent with prior reports, increased APC PD-L1 expression paralleled the accumulation of CTLs, suggesting a compensatory response to inflammation and a possible mechanism for immune escape (12, 36) . In patients with high levels of infiltrating PD-L1 + APCs, an increase in the population and function of Tregs in the TME was suggested, as demonstrated by increased engagement and decreased distance to CTLs. This is consistent with murine data showing that PD-L1 regulates the development and function of Tregs and the first report of this observation in human colon cancer (18, 37) . Other observed immunosuppressive effects were decreased CTL/ EC engagement and greater distance between CTLs and PD-L1 -ECs while they were inexplicably driven closer to PD-L1 + ECs. The role of PD-L1 + APCs in shaping an immunosuppressive microenvironment was validated in an independent cohort of patients. Because of the significant associations between abundance of CTLs and PD-L1 + APCs, direct paths linking inhibitory APCs to patient outcomes are difficult to ascertain. When CTLs were abundant and PD-L1 + APCs infrequent, patients fared better, with an overall survival of 78 months, nearly double than that experienced by those with low CTLs. This represents the first report to our knowledge demonstrating the immunosuppressive effects of PD-L1 + APCs in the TME, in situ, and highlights the need for further study of these cells and efforts to mitigate their function to improve CTL-mediated tumor destruction. It also demonstrates the complexity of the immune microenvironment, with tight relationships among infiltrating CTLs, PD-L1 + APCs, and Tregs likely necessitating consideration of more precise combination immunotherapy for the treatment of distinct patient subsets.
Unlike tumors, such as melanoma and renal cell carcinoma, MCC has proven relatively resistance to anti-PD-L1 therapy (38) (39) (40) . An exception to this are tumors with defective MMR, in whom microsatellite instability results in abundant neoantigen presentation and CTL response (12) . Sixteen percent of patients in our study were found to be MSI, which is greater than previous reports and likely related to the highly selected nature of this patient population undergoing curative intent liver resection for metastatic disease (41) . These patients tended to have more abundant CTLs, which were increasingly engaged with ECs, with a trend toward decreased immunosuppressive Tregs. Increased observed PD-L1 expression on ECs and APCs was consistent with the established improved efficacy of PD1 inhibition in MSI colorectal cancer, which led to its recent approval by the Food and Drug Administration (13) . In an effort to identify further patients who may benefit from immune-based therapies, the phenotypic and spatial characteristics of MSS patients (n = 64) were examined. A small subset (12.5%) was found with high CTL infiltration, which was frequently engaged with ECs, mirroring the environment seen in MSI patients. A closer look revealed that all of these patients had high levels of intratumoral PD-L1 + APCs compared with only 25% in the remaining MSS patients. This suggests not only that these patients may benefit from checkpoint inhibition, but that mfIHC with spatial analysis may represent a superior way of selecting patients for immunotherapies. EC PD-L1 expression alone may be less predictive of responsiveness to therapy than factors such as cellular engagement or checkpoint expression on infiltrating APCs. For example, while most instances of high PD-L1 expression paralleled increases in CTL accumulation, a subgroup of patients existed with high checkpoint inhibition in the absence of a substantial immune infiltrate. It is likely that these patients would receive little benefit from treatments aimed at disrupting the PD1/PD-L1 axis. Further study of the relationship between these findings and the efficacy of immunotherapy is warranted.
Conclusions. In summary, spatial characterization of immune cells sheds light on the TME of colorectal CRLMs and identified possible novel mechanisms of PD-L1-mediated immunosuppression. Current approved biomarkers to predict response to therapy, which include surface expression of checkpoint ligands and markers of neoantigen production, fail to capture characteristics of the entire immune infiltrate, leading to potential under treatment of patients. These results highlight the interconnection between inflammation and immunosuppression and provide a potentially superior method to stratify patients for receipt of single or combination immunotherapies.
Methods
Patients. The study population consisted of 195 patients who underwent consecutive curative intent resection of colorectal liver metastases. Patient and tumor characteristics were maintained prospectively on a dedicated database and survival was updated regularly. After review of whole slides by a trained gastrointestinal pathologist, three 0.6-mm diameter cores were collected from tissue blocks for inclusion on a tissue microarray (TMA).
Multiplexed IHC staining. Five-micron slices were cut from the TMA onto charged slides and slides were baked at 60°C for 1 hour. Deparaffinization with xylene for 10 minutes in triplicate was followed by 100%, 90%, and then 70% ethanol for 10 minutes each. Slides were washed in deionized water for 2 minutes followed by neutral buffered formalin for 30 minutes. The Opal 7 manual kit (PerkinElmer) was used according to the manufacturer's instructions. After each antigen retrieval, slides were stained with antigen-specific primary antibodies followed by Opal Polymer (secondary antibody). Application of the Opal TSA created a covalent bond between the fluorophore and the tissue at the site of the HRP. Each antigen retrieval step was performed using either AR6 or AR9 antigen retrieval buffer, which allowed for the removal of prior primary and secondary antibody while the fluorophore remained covalently bonded to the tissue antigen. This allowed for use of the same host species antibody while also amplifying the signal. Validation that subsequent antigen retrieval steps removed the prior primary antibody has been reported (20) . See Supplemental Table 5 for antibodies and dilutions. Eighteen patients were excluded due to high levels of necrosis or fibrosis or loss of 2 or more cores. A subset of samples was subjected to routine IHC for the MMR proteins MLH1, MSH2, MSH6, and PMS2, and absence was determined by pathologic review.
Multispectral imaging. Imaging was completed using the Mantra Quantitative Pathology Work Station. One image per core was captured at ×20 magnification. All cube filters were used for each image capture (DAPI, CY3, CY5, CY7, Texas Red, Qdot). The incorporated saturation protection feature was set at an exposure time of 250 ms.
Image analysis. Images were analyzed using inForm Cell Analysis software (Perkin Elmer). All 455 images were batch analyzed using a subset of 179 randomly chosen tissue core images. A library was made using single-antigen staining for each fluorophore and used for unmixing and validation of the multiplex fluorescent composite staining, ensuring no spectral overlap between fluorophores. Using the inForm training software, both tissue and cell compartments were identified and segmented. Tissue was segmented into stroma and epithelial cancer compartments, while cells were segmented in to nucleus, cytoplasm, and membrane compartments. DAPI counterstain was used to determine the size and shape of each nucleus, and an x and y coordinate was assigned to each cell in each of the cores. The cytoplasm shape, thickness, and distance from the nucleus were calculated by the automated system using fluorescence of CD8, CD163, and CD3. The distance from the center of the nucleus to the outer surface of the cytoplasm was set at 8 pixels from the center of each nucleus, where 1 pixel is 0.496 microns. The membrane shape and distance from the nucleus was calculated by the automated system using pancytokeratin and set at 20 pixels. After cell segmentation, the following cells were phenotyped using the trainable software after select cells were manually assigned based on single staining criteria: T cells (CD3 . Fluorescent intensity scores of PD-L1, CD8, and FoxP3 were determined, which allowed for complex cell phenotyping using R (42) . After the fluorescent intensity score was determined for PD-L1, CD8, and FoxP3, using R programs in combination with the original cell phenotypes produced by inForm (T cell, APC, EC, and other), complex phenotypes were formulated (Supplemental Table 5 ). Final multiplex fluorescent composite images were reviewed with a trained pathologist to confirm accuracy of staining and phenotyping. When calculating distances and engagement, some cells near the edges of the core were used, which represents a limitation of our methodology, but this strategy was consistently used across all images. Using R programs, the distance of a cell to its nearest neighbor and the number of cells engaged with other cells within a set radius were calculated.
Statistics. All statistical analyses were performed using JMP Pro 13.2.0 unless stated otherwise. Differences in phenotype, distances, and engagement were evaluated by 2-tailed Student's t test or ANOVA. For data not normally distributed, nonparametric Wilcoxon rank-sum was used. Categorical variables were analyzed with Fisher's exact test, and P ≤ 0.05 was considered significant. P values were adjusted for multiple testing using the Benjamini-Hochberg false discovery rate procedure. Statistical significance was then assessed via an adjusted P value of 0.05. For survival analysis, Kaplan-Meier plots were drawn and statistical differences were determined by log-rank. Multivariate analysis of survival was performed using Cox regression for components that were statistically significant on univariate analysis and those previously associated with survival following resection of CRLM.
Study approval. Collection of samples for this study and experiments performed were approved by the Institutional Review Board of Memorial Sloan Kettering Cancer Center.
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